Atomic force microscopy is a powerful and widely used imaging technique that can visualize single molecules and follow processes at the single-molecule level both in air and in solution. For maximum usefulness in biological applications, atomic force microscopy needs to be able to identify specific types of molecules in an image, much as fluorescent tags do for optical microscopy. The results presented here demonstrate that the highly specific antibodyantigen interaction can be used to generate single-molecule maps of specific types of molecules in a compositionally complex sample while simultaneously carrying out high-resolution topographic imaging. Because it can identify specific components, the technique can be used to map composition over an image and to detect compositional changes occurring during a process.
A tomic force microscopy (AFM) is unique in its ability to image single biomolecules and follow biomolecular processes in fluid with nanometer resolution (1); however, images of complex samples can be remarkably hard to interpret, because AFM yields only the shape and volume of the molecule, with no discrimination for the precise types of molecules being imaged. For example, in a sample of chromatin (nucleosomes) plus other proteins, DNA can be identified by its thread-like appearance, but the various protein components look similar, with an image size that depends only marginally on molecular weight. Techniques such as chemical force microscopy (2) , force-volume mapping (3), and force curves (4) give information about the specific nature of the molecules being imaged, but they lack the important visual component provided by simultaneous imaging. Here we describe a technique that allows recognition of a specific type of molecule (histone H3) in a complex sample (chromatin) while simultaneously yielding high-resolution topographic images of the same sample. Recognition is efficient, reproducible, and specific. This technique extends the capability of AFM in much the same way as fluorescent tags have extended optical microscopy.
The technique uses an antibody tethered to the AFM tip and depends on the highly specific antibody-antigen recognition reaction between the tip-tethered antibody and its antigen in the sample to identify a specific type of molecule. Antibodies tethered to an AFM tip have been shown previously to bind to specific target molecules during scanning (5) , but that work offered no way to separate composition-sensitive signals from topography signals. This difficulty arises because it is difficult to extract a signature of binding while the imaging servo acts to keep the amplitude of oscillation of the probe constant during a scan. The method described here detects antibody-antigen binding through small changes in the absolute (dc) level of the cantilever-deflection signal.
Materials and Methods
Preparation of Chromatin Samples. Nucleosomal arrays containing the mouse mammary tumor virus (MMTV) promoter region were salt-reconstituted to various subsaturated (for clarity in image analysis) levels of nucleosome occupation with HeLa histones exactly as described (6) . The arrays were deposited on glutaraldehyde aminopropyltriethoxysilane (GD-APTES)-treated mica, derivatized at 1 M levels with GD (7), and allowed to adsorb for Ϸ40 min.
Human (h)Swi-Snf was prepared as described (8) . The preparation contains BSA in a 4:1 molar ratio with hSwi-Snf (further reduction in BSA concentration diminishes remodeling activity). For remodeling studies, nucleosomal arrays were preincubated with hSwi-Snf at stoichiometries of 15 nucleosomal array molecules per hSwi-Snf molecule (8) . After deposition, fields are scanned twice. The second scan assesses the effect of the AFM-scanning process on chromatin structure and thus provides the background (tip-induced) level of change. Thus, this important control is carried out on the same samples that will be analyzed for remodeling. After activation of hSwi-Snf by ATP addition, the same fields (and the same set of tethered molecules) are scanned again to determine the changes induced by hSwi-Snf remodeling (8) .
Tethering of Antibodies to AFM Tips. Polyclonal anti-histone H3 antibodies (Upstate Company, Charlottesville, VA) were thiolated and attached to a polyethylene glycol (PEG) tether on the end of an AFM probe as described (4) . Amination of the probe was carried out by exposing a UV-cleaned silicon-nitride probe (Microlever, Veeco, Santa Barbara, CA, coated for MacMode AFM by Molecular Imaging, Tempe, AZ) to aminopropyltriethoxysilane vapor for 1 h. The H3 antibody was produced against the whole histone, but the N-terminal tails of H3, which project out from the compact nucleosome core, are likely to provide the major antigenic determinant in the chromatin sample. Tips were selected for a strong recognition signal when imaging chromatin, and these signals were invariably blocked by the peptide corresponding to the histone tethered to the tip. For more details, see Protocol for Modifying AFM Tips with Antibodies, which is published as supporting information on the PNAS web site.
AFM Imaging and Separation of the Recognition Signal. Magnetized cantilevers are driven by a small solenoid using a MacMode dynamic-force microscope from Molecular Imaging. Images were taken in 10 mM NaCl͞5 mM phosphate buffer, pH 7.5, with 3-nm peak-to-peak amplitude oscillation at 8 kHz, imaging at 70% set point, and scanning at 1 Hz. Recognition contrast decreased with increasing salt, disappearing at Ϸ0.8 M for this antibody.
The recognition signal was obtained by passing the raw deflection signal from the AFM-scanning head to a PicoTREC signal-processing system (Molecular Imaging). The instrument extracts rapid changes in the value of the positive-going peak signal, filtering the output with a bandpass of Ϸ150 Hz, while compensating for slow changes in dc level in the input caused by instrumental drift. The signal is passed to an auxiliary input to the microscope controller for simultaneous display alongside the topographical image. The microscope servo operates from the deflection signal in the normal way, which introduces a negligible error (on the order of ⌬A or 0.06 nm in the present case) into the height display when an antibody binds.
Filtering and Signal to Noise. In the limit of heavy damping, where the mechanical Q factor of the cantilever approaches unity, the rms fluctuation amplitude ͗x͘ of a cantilever of resonant frequency 0 measured in a bandwidth B Hz is given by (9) ͗x͘ ϭ ͱ
Thus, a signal-to-noise ratio of 3:1 [with a 0.06-nm signal (see Results and Discussion)] requires B Ϸ 0.016 0 , which is 130 Hz for the cantilevers used in this work.
Testing Recognition Specificity and Efficiency. To check recognition specificity, the solution in the sample cell was completely replaced with a solution of the imaging buffer plus 30 g͞ml of BSA (kept at the same temperature as the microscope to avoid drift), and the sample was reimaged. This buffer was then replaced with a solution of 30 g͞ml of an antigen (to the antibody on the tip), and the sample was imaged again. Recognition efficiency is defined conservatively as the ratio of total recognition events to total features in the topographic image that may be nucleosomes. False hits (see Fig. 4 , red dot and circle) occur in Ϸ2% of all recognition features. The efficiency depends on the antibody used and imaging conditions such as salt concentration, and thus each new antibody must be calibrated in the imaging environment. The effective antibody concentration at the surface is high (5), and thus the technique is sensitive to even small amounts of crossreactivity.
Results and Discussion
The Technique of Recognition Imaging. The method described in this report is based on the detection of small shifts in the absolute dc level of the cantilever-deflection signal that occur when an antibody tethered to the AFM tip ( Fig. 1a) binds to its antigen in the sample being imaged (Fig. 1b) , thus interfering with the normal oscillation of the AFM tip (Fig. 1c) . All of the imaging in this work is carried out in solution, i.e., in situ. The antibody is attached near the apex of the tip by means of a 6-nm-long flexible PEG linker (10) . This linker leaves the antibody free enough to find and bind properly to its target antigen, but it is short enough to permit accurate localization of the antigen site in the sample (5). The origin of a recognition signal can be understood by considering the sequence of events that occurs when the oscillating AFM cantilever containing the tip-tethered antibody binds to its antigen in the sample. The green trace in Fig. 1c shows the displacement pattern of the cantilever as it taps on a surface submerged in solution (no antigen-antibody interaction). The cantilever motion is heavily damped and is sustained with a sinusoidal magnetic driving force (11) . The bottom of the waveform is cut off where the tip hits the hard surface, but the top part of the waveform remains sinusoidal (12) . When the tethered antibody binds to an antigen on the surface, the upward extent of the cantilever swing is restricted by the PEG tether, as shown in the red trace. This reduction of the oscillation amplitude on binding is compensated for by the microscope servo, which is engaged (and required) for normal topographic imaging. The servo pulls the probe away from the surface to restore the amplitude to its previous value (blue trace), but now the peak signal is displaced downward by the amount of the original amplitude reduction, ⌬A (Fig. 1c) . Thus, a map of the absolute value (i.e., dc-coupled) of this peak voltage, produced simultaneously with the topographic image, shows the location of the antibody-binding events as dark patches.
In principle, the downward-motion displacement of the sample by the microscope servo could cause further reduction of the upper peak amplitude, but the effect is very small because the PEG tether is so much less stiff than the surface. The amplitude of tip oscillation is adjusted such that the antibody remains bound for most of the time that the tip is in the vicinity of the antigen. Binding and unbinding events occur on each scan line, giving rise to some fluctuation in image width from line to line.
The samples analyzed in this application of the technique are nucleosomal arrays made by reconstituting human histones on a specific DNA fragment containing the MMTV long terminal repeat promoter (6) . Samples are deposited onto GDfunctionalized mica (GD-APTES) in a flow cell linked to the AFM. The GD-APTES surface tethers the arrays to the surface, allowing repetitive scanning of the same sets of molecules as various reagents are flowed into the cell. The ability to reimage the same molecules allows the clearest possible comparisons of the effects of changing conditions on the sample molecules. Fig.  1d shows a topographic image (two nucleosomal arrays) taken with an AFM tip tethered to an antibody raised against histone H3, one of the proteins that constitute the core of each nucleosome. The corresponding recognition image is shown in Fig. 1e . The dark recognition patches and the pattern in which they occur clearly coincide with the positions of the nucleosomes in the topographic image (Fig. 1d) . Fig. 1f is a plot of the recognition signal (⌬A͞A) versus distance between the two green arrows in Fig. 1e . The dips coincide with recognition spots. They are a few percent of the oscillation amplitude, in agreement with calculations (see below).
The Basis of Recognition Imaging. The imaging mechanism can be understood quantitatively as follows. In the absence of structural relaxation, the reduction of the ''free'' oscillation amplitude, A 0 , to a new value, A z , after binding of the antibody is given by (13)
where S(z͞L 0 ) is the stiffness of the PEG tether at a fractional extension, z͞L 0 , of its maximum extended length, L 0 , and K is the spring constant of the AFM cantilever. An approximate result for the force generated by stretching a worm-like chain is (14)
where L p is the persistence length, and k B T can be conveniently taken as 4.1 pN⅐nm at room temperature. This formula may be differentiated with respect to z to obtain the stiffness, S(z͞L 0 ). For the PEG linker used here, L p ϭ 0.38 nm and L 0 Ϸ 6 nm (15) . A plot of the force generated by stretching a molecule, and its consequent stiffness as a function of z͞L 0 , is given in Fig. 6 , which is published as supporting information on the PNAS web site. The force rises rapidly above 20 pN for z͞L 0 Ͼ 0.5, leading to potentially increased frequency of breaking of a typical antibody-antigen bond (16) . Near this optimum value of z͞L 0 , S(z͞L 0 ) is Ϸ2 pN͞nm. Thus, with a cantilever of stiffness K ϭ 100 pN͞nm, Eq. 1 predicts that the recognition events will cause a dip in peak amplitude of a few percent of the total amplitude, which is confirmed experimentally by the line trace across the recognition image shown in Fig. 1f . In this case, the oscillation amplitude is Ϸ3 nm (corresponding to z͞L 0 Ϸ 0.5), and so the absolute value of the recognition signal is on the order of 0.06 nm. This value is smaller than broad-band thermal fluctuations of the cantilever, and thus the recognition signal requires filtering (see Materials and Methods).
The Specificity and Efficiency of Recognition Imaging. The specificity of the recognition process was tested by flowing exogenous proteins into the liquid flow cell in which the sample was being imaged. If the recognition signal is specific, only (added) proteins that are antigenic to the antibody on the AFM tip used for imaging will be able to bind to the tip, block the recognition events, and thus disrupt the signal. Such a test is shown in Fig.  2 . A typical topographic image of MMTV chromatin and the accompanying recognition image (taken with an anti-histone H3 functionalized tip) are shown in Fig. 2 a and b . Again, recognition spots closely mirror the locations of nucleosomes in the topographic image. When a BSA solution (30 g͞ml) is flowed into the sample flow cell, the recognition image is unaffected (Fig.  2c) . However, if a similar concentration of a peptide corresponding to amino acids 1-20 of the N-terminal tail of histone H3 (sequence shown in the Fig. 2 legend) is then flowed into this sample, the recognition signal is completely abolished (Fig. 2d) . Thus, the ability of the tip-tethered antibody to produce a recognition signal (Fig. 2b) is blocked by an excess of its specific antigen in solution, demonstrating that the recognition signals come from specific interactions between the antibody on the tip and its antigen on the surface. The inability of BSA to alter the recognition signal (Fig. 2c) shows that nonspecific proteinbinding effects do not affect specific recognition. Note that the images in Fig. 2 a-d are obtained by sequential rescanning of the same individual molecules in the same sample, which ensures that trivial, sample-dependent variations cannot affect the analysis. Fig. 2 e and f show another aspect of imaging specificity. When BSA is added (through the flow cell) to these samples, aggregates can accrue on the surface (Fig. 2e , yellow arrowheads on the topographic image). In Fig. 2f , the recognition image obtained from this field before BSA addition is shown as green dots, which are superimposed on the recognition signal obtained after BSA was adsorbed onto the surface. Clearly, the H3 antibody-tethered tip does not recognize the BSA aggregates, nor do the BSA aggregates interfere with recognition imaging. Thus, the level of nonspecific recognition appears to be minimal. To observe the types of specific binding effects discussed above, it must be the case that nonspecific adhesion forces are smaller than the specific antibody-antigen binding force. To test this theory directly, we have measured the adhesion by using force-distance curves (Fig. 3) . We find that an antibody-tethered tip in the presence of blocking antigen shows almost no adhesion to the molecules or surfaces used in these experiments. The average adhesion force is 57 Ϯ 20 pN in the absence of the tail peptide but Ϸ6 pN in its presence. This lower average force reflects both a decrease in the value of adhesion and an increased number of curves in which no adhesion was measured at all. Adhesion forces without the antibody (PEG tether alone) are 116 Ϯ 63 or 118 Ϯ 134 pN for a clean (bare) tip. Thus, the blocked antibody is more of a ''nonstick'' surface than the tip or PEG alone. Perhaps this is a special property of blocked antibodies, because proteins are generally rather sticky.
The efficiency and repeatability of recognition imaging are illustrated in Fig. 4 . Here, features in the recognition image are superimposed (as green dots) on the topography image. Most features that look like nucleosomes in the topographic image are associated with a recognition signal. A few exceptions are described in the Fig. 4 legend (see also Materials and Methods). Some changes occur when the same sample is rescanned (highlighted by circles), but the recognition efficiency is generally high and remains so on subsequent rescans (data not shown). An average over several images yields 96 Ϯ 2% recognition efficiency on the first scan and 92 Ϯ 2% after scanning over the same area again.
We also used tips tethered with antibodies to histone H4 or histone H2A to image these nucleosomal array samples (data not shown). Whereas the H3 antibody was raised against the whole protein, the H4 antibody was raised against the N-terminal tail, and the H2A antibody was raised against part of the ''acidic patch'' on the 11-nm nucleosomal face (17) . All antibodies gave similar results with respect to specificity, efficiency of recognition, and reproducibility, indicating a general applicability of the technique.
Following Compositional Changes During a Biologically Relevant
Process. The major impact of this technique will derive from its ability to monitor specific components in heterogeneous samples while they are undergoing biological processes and at the same time as topographic images are being acquired. An example of this application is presented in Fig. 5 and is taken from AFM studies of the action of the human Swi-Snf (hSwi-Snf) ATPdependent nucleosome remodeling complex (18) on MMTV promoter nucleosomal arrays (8) . These studies can help us understand how nucleosome remodeling by these types of complexes might take place in vivo on this and other promoters.
In these experiments, hSwi-Snf and chromatin are incubated together and then deposited onto GD-APTES in the flow cell linked to the AFM. As described previously, the GD-APTES surface tethers the array molecules, allowing in situ images of the same nucleosomal arrays to be taken before ATP is added (hSwi-Snf is inactive) and after ATP addition (hSwi-Snf is activated). The progress of remodeling, therefore, can be followed on individual molecules. Topographic imaging studies using this approach have shown that array molecules can undergo a variety of substantial ATP͞hSwi-Snf-dependent conformational changes and have suggested that hSwi-Snf might also trigger compositional changes such as histone loss (8) .
Comparison of recognition images before and after ATP addition shows a variety of remodeling changes and confirms the occurrence of compositional changes. A few examples are shown to illustrate the technique. In Fig. 5a , the three molecules in the field all show remodeling, as evidenced by release of DNA after ATP addition (8) . Recognition images (using H3 antibodytethered tips) indicate a substantial loss of histone (H3) for all three molecules, including a complete loss of histone recognition for molecule one, and new arrangements of the remaining recognition signal pattern in molecules two and three. Fig. 5b shows an example of complete loss of a protein (pointed to by the yellow arrow in the ϪATP image) accompanied by a significant change in the H3 recognition images, suggesting that the protein was a nucleosome and not hSwi-Snf. hSwi-Snf (data not shown) and BSA (see above) are not recognized by the anti-histone antibodies. These various types of changes have been quantified and systematically analyzed (8) , but these examples demonstrate the significant enhancement of information obtained when recognition is coupled to topographic imaging.
In conclusion, the addition of recognition imaging gives the atomic force microscope a capability for the identification of specific types of molecules at the single-molecule level without compromising its topographic imaging performance. The technique can be used to analyze the distribution of a specific component in heterogeneous samples or to follow compositional changes that occur during complex processes, thus revealing features that are not evident from topographic images alone. This capability will significantly enhance the usefulness of AFM as a tool for studying biologically relevant samples and processes.
